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ABSTRACT
We build a toy model where the central object, i.e., a newly born neutron star or a black hole,
launches jets at late times and show that these jets might account for peaks in the light curve of some
peculiar core collapse supernovae (CCSNe) when the jets interact with the CCSN ejecta. We assume
that the central object accretes fall back material and launches two short-lived opposite jets weeks
to months after the explosion. We model each jet-ejecta interaction as a spherically symmetric ‘mini
explosion’ that takes place inside the ejecta. In our toy model late jets form stronger emission peaks
than early jets. Late jets with a kinetic energy of only about one percent of the kinetic energy of the
CCSN itself might form strong emission peaks. We apply our toy model to the brightest peak of the
enigmatic CCSN iPTF14hls that has several extra peaks in its light curve. We can fit this emission
peak with our toy model when we take the kinetic energy of the jets to be about one percent of the
CCSN energy, and the shocked ejecta mass to be about one percent of the ejecta mass.
Keywords: Supernovae — stars: jets — stars: variables: general
1. INTRODUCTION
Observations of polarization in some core collapse su-
pernovae (CCSNe) and morphological features of some
supernova remnants strongly suggest that jets play a
significant role in many, and possibly in most, CCSNe
(e.g., Wang et al. 2001; Maund et al. 2007; Lopez et al.
2011; Milisavljevic et al. 2013; Gonza´lez-Casanova et al.
2014; Margutti et al. 2014; Inserra et al. 2016; Mauerhan
et al. 2017; Grichener, & Soker 2017; Bear et al. 2017;
Garc´ıa et al. 2017; Lopez & Fesen 2018). Bose et al.
(2019), as a recent example, study the Type II-P CCSN
ASASSN-16at (SN 2016X) and argue that the nebular-
phase Balmer emission suggests that the 56Ni in this
CCSN has a bipolar morphology. Such a morphology
is expected in jet-driven explosions (e.g., Orlando et al.
2016; Bear, & Soker 2018)
From the theoretical side, the problems of the delayed
neutrino explosion mechanism (e.g., Papish et al. 2015;
Kushnir 2015) brought the suggestion that the jitter-
ing jets explosion mechanism explodes most, or even all,
CCSNe (e.g. Papish & Soker 2011; Gilkis & Soker 2015),
including super-energetic (or super-luminous) CCSNe
(Gilkis et al. 2016; Soker 2017; for a review see Soker
2016b). There are many studies of jets in CCSNe (e.g.,
Khokhlov et al. 1999; Aloy et al. 2000; Ho¨flich et al. 2001;
MacFadyen et al. 2001; Obergaulinger et al. 2006; Bur-
rows et al. 2007; Nagakura et al 2011; Takiwaki & Ko-
take 2011; Lazzati et al. 2012; Maeda et al. 2012; Lo´pez-
Ca´mara et al. 2013; Mo¨sta et al. 2014; Lo´pez-Ca´mara
et al. 2014; Ito et al. 2015; Bromberg & Tchekhovskoy
2016; Lo´pez-Ca´mara et al. 2016; Nishimura et al. 2017;
Feng et al. 2018; Gilkis 2018), but in most cases these
studies consider jets to play a role only in rare types of
CCSNe where the pre-collapse core is rapidly rotating.
The jittering jets explosion mechanism that works via
a negative feedback, works for both slowly and rapidly
rotating pre-collapse cores. The neutrino heating does
play a significant role in the jittering jets explosion
mechanism, at least in regular (not super-energetic) CC-
SNe (Soker 2018, 2019)
One outcome of a rapidly rotating pre-collapse core
might be a late fall back of gas that forms an accretion
disk around the newly born neutron star (NS) or black
hole, and the accretion disk launches late jets. In the
present study we use a non-spherical toy model to ex-
amine the possibility that intermittent late jets energize
peaks in the light curve of some rare types of CCSNe. In
Section 2 we present the properties of the CCSN and its
ejecta, and our approach that considers each jet-ejecta
interaction as ‘mini-explosion’. In Section 3 we present
the extra emission of the peaks that the mini-explosions
energize. In Section 4 we apply our results to the enig-
matic SN iPTF14hls and discuss the scenarios that allow
for late intermittent jets. We summarize our results in
Section 5.
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22. THE TOY MODEL
2.1. Bare SN light curve
In this section we describe the SN light curve that we
use from the literature, and that we scale with expres-
sions that include photon diffusion and recombination.
We assume that the SN explosion is spherically sym-
metric and that cooling is due to photon diffusion and
adiabatic expansion, while hydrogen recombination re-
leases energy. In the scaling of the light curve that we
use for the SN we do not include the late time extension
of the light curve that comes from radioactive decay of
56Ni and 56Co.
For the shape of the light curve we use the photo-
metric data of SN 2008ax from The Open Supernova
Catalog (Guillochon et al. 2017) and smooth it as we
present in Fig. 1. Instead of the luminosity and time of
SN 2008ax we scale the timescale tSN and typical lumi-
nosity LSN of this bare SN light curve in our toy model
by using equations (8) from Kasen, & Woosley (2009).
More specifically, here we take tSN to be the time from
explosion to the peak luminsoity, and we take LSN to be
the peak luminosity. The scaled time scale and luminos-
ity of the bare SN light curve we use in the toy model
read then
tSN = 66
(
ESN
2× 1051 erg
)−1/6(
MSN
10M
)1/2
×
(
R0
300R
)1/6(
κ
0.38 cm2 g−1
)1/6(
Tph
6000 K
)−2/3
d,
(1)
and
LSN = 1.4× 1042
(
ESN
2× 1051 erg
)5/6(
MSN
10M
)−1/2
×
(
R0
300R
)2/3(
κ
0.38 cm2 g−1
)−1/3(
Tph
6000 K
)4/3
erg s−1,
(2)
where ESN is the explosion energy, MSN is the ejecta
mass, R0 is the initial radius of the SN progenitor star
(at t = 0), κ is the opacity of the ejecta (scaled according
to, e.g., Nagy, & Vinko´ 2016), and Tph is the tempera-
ture of the ejecta photosphere. We take Tph = 6000 K
since below this temperature the outer layer of the SN
ejecta cools enough to allow recombination of the hydro-
gen, resulting in the ejecta becoming transparent above
the recombination front (Kasen, & Woosley 2009). From
these parameters we also calculate the typical ejecta ve-
locity vSN ≈ (2ESN/MSN)1/2 = 4500 km s−1.
2.2. The mini-explosions toy model
We present a toy model for light curves of SNe II-P
that suffer extra power from jets that the central object
launches at late times. We assume that each jet causes
a ‘mini-explosion’ in the region where it interacts with
the SN ejecta.
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Figure 1. The smoothed and scaled light curve of SN
2008ax. The shape is based on The Open Supernova Catalog
(Guillochon et al. 2017), while the time of maximum lumin-
soity and the maximum luminosity are scaled by equations
(1) and (2), respectively. The total energy that the bare SN
radiates in our toy model is ESN = 1.7×1049 erg. The graph
horizontal axis spans from 0 to 347 d.
To make the toy model as simple as possible, e.g., a
minimum number of parameters, we build the shape of
the light curve of each mini-explosion as follows. We
assume that the rise of the mini-explosion to maximum
luminosity has the same shape as the rise of the bare
SN light curve to maximum (Fig. 1). We then take the
decline of the mini-explosion from maximum to be sym-
metric to its rise (rather than having a longer tail as the
bare SN light curve has). Below we describe our scaling
of the time scale and luminosity of the mini explosion.
Although each jet propagates along a specific direction
and is most likely to inflate an elongated ‘cocoon’, in our
toy model we assume that each mini-explosion is spheri-
cally symmetric around the point where the jet interacts
with the ejecta. We also assume that cooling is due to
photon diffusion and adiabatic expansion, much as the
SN explosions themselves are. These assumptions allow
us to use results for a SN explosion to determine the
luminosity and time scales of each jet’s mini-explosion.
As in the SN light curve, we do not include in the mini-
explosions the late time extension of the light curve that
comes from radioactive decay.
In each jet-launching episode the central engine
launches two opposite jets. We here present the relevant
quantities for one jet. We assume that the jet deposits
its energy via a shock wave inside the SN envelop at a
radius of
Rs(tj,0) = βR(tj,0) = β (vSNtj,0 +R0) , (3)
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Figure 2. A Schematic illustration (not to scale) of
the ‘mini-explosions’ of two opposite jets. We based this
schematic drawing of jets interacting with an ambient
medium on Bromberg et al. (2014).
where tj,0 is the time the jet interacts with the ejecta,
R(tj,0) is the radius of the SN at the time of interaction,
vSN is the velocity of the ejecta, and R0 is the initial
radius of the SN itself at its explosion time (see Section
2.1). The radius of the SN is R(t) = vSNt+R0. We take
β = 1/2, i.e., in our toy model the mini-explosion takes
place at half the radius of the SN ejecta outer edge.
Each jet shocks the ejecta to form a hot shocked ejecta
zone, the so called ‘cocoon’. The shocked jets’ gas and
the cocoon, with a contact discontinuity between them,
expand to shock more ejecta gas. The hot regions cool
by adiabatic expansion and radiation that adds to the
total SN light curve. In Fig. 2 we schematically present
the interaction of the jets with the ejecta.
In our toy model of the mini-explosion we consider
only photon diffusion through the cocoon. Since the
time scale of a jet’s mini-explosion is shorter than the
SN explosion time scale and occurs under different con-
ditions, e.g., deeper in the hotter envelope, we assume
that the cocoon does not reach the recombination phase
during the relevant time of the mini-explosion. So we
neglect the recombination process in the mini-explosion.
In other words, the recombination of the cocoon is in-
cluded already in the light curve of the SN itself. We
therefore use equations (4) from Kasen, & Woosley
(2009) for the mini-explosions, rather than their equa-
tions (8) that we use for the SN explosion itself (Section
2.1)
tc =
(
3
25/2pi2c
)1/2
E−1/4c M
3/4
c κ
1/2
c ,
Lc =
2pic
3
EcM
−1
c Rc,0κ
−1
c ,
(4)
where Ec, Mc, Rc,0 and κc, are the energy that the
jet deposits into the cocoon, the mass of the shocked
cocoon, the initial radius of the shocked cocoon, and
the opacity of the cocoon, respectively.
We assume that shortly after the photons diffuse out
from the cocoon they escape from the SN photosphere,
and so we do not add the diffusion time of photons
through the ejecta outside the cocoon.
For the initial radius of the cocoon we take the ra-
dius of the jet’s cross section at the place where the jet
interacts with the ejecta, namely, Rc,0 = Rs(tj,0) sinαj,
where αj is the half opening angle of the jet. Taking
Rs(tj,0) from equation (3) we can write
Rc,0 = β
[(
2ESN
MSN
)1/2
tj,0 +R0
]
sinαj, (5)
where tj,0 is the time the mini-explosion occurs.
We express the parameters of the cocoon relative to
the parameters of the SN itself
Ec = EESN
Mc = VMSN = 0.5 (1− cosαc)MSN,
(6)
where E is the ratio between the energy that the jet
deposits into one cocoon and the total SN energy, V =
0.5 (1− cosαc) is the fraction of the ejecta mass that
ends up in one cocoon. This expression and Fig. 2
define αc.
We substitute equations (5) and (6) into equations
(4) and scale quantities to obtain the time scale and
luminosity of a mini-explosion
tc = 56
( V
0.067
)3/4 ( E
0.01
)−1/4( ESN
2× 1051 erg
)−1/4
×
(
MSN
10M
)3/4(
κc
0.38 cm2 g−1
)1/2
d,
(7)
and
Lc = 4.2× 1041
( V
0.067
)−1 ( E
0.01
)( sinαj
0.087
)
×
(
β
0.5
)(
MSN
10M
)−3/2(
ESN
2× 1051 erg
)3/2
×
(
κc
0.38 cm2 g−1
)−1(
tj,0
100 d
)
erg s−1,
(8)
respectively, where the opacity of the cocoon is κc =
0.38 cm2 g−1, as we assumed for the SN ejecta, and we
4neglect R0 in using equation (5) as we study late times
when the SN radius is much larger than its initial radius
R0.
The normalization in equation (8) is for αj = 5
◦, and
for αc = 30
◦ that we take from the following consider-
ation. We assume that the half-width of the two oppo-
site protrusions in some SN remnants that Grichener, &
Soker (2017) assume to result from jets, represent the
angle αc. From their results we scale with αc = 30
◦.
3. THE PEAKS OF THE JETS’ MINI-EXPLOSIONS
We demonstrate our toy model for one specific set of
parameters, which as we see in ection 4 might crudely
fit the third peak (as defined in Wang et al. 2018) in
the light curve of iPTF14hls. First we recall that our
derivation of equation (8) is for one jet, but in each jet-
launching episode there are two jets. So In calculating
the total emission resulting from one launching episode
we will take the luminosity to be L2c = 2Lc.
Our set of parameters for these particular demonstra-
tive cases are as follows. For the bare supernova prop-
erties we take the light curve as given in Fig. 1 scaled
with a total kinetic energy of ESN = 2 × 1051 erg and
an ejecta mass of MSN = 10M.
For the jets’ half opening angle we take αj = 5
◦ (see
Fig. 2).
The first case we present has E = 0.003, i.e., one jet
deposits an energy of Ec = 6× 1048 erg into its cocoon
(see equation 6), and V = 0.067, i,e., the mass of the
cocoon is Mc = 0.67M. We also take the jet-ejecta
interaction time of this case to be tj,0 = 7.5 × 106 s =
87 d, and so by equation (5) with β = 0.5 the initial
radius of the gas of the cocoon is Rc,0 = 1.5× 1014 cm.
The launching time of the jet is given by
tL = tj,0 −Rs(tj,0)/vL, (9)
where we take the terminal velocity of the jet to be
vL = 10
10 cm s−1 as in Gilkis et al. (2016). The spher-
ical (under our assumptions) expansion velocity of the
mini-exploding cocoon relative its center of mass (that
expands with the SN ejecta) is vc ≈ (2Ec/Mc)1/2 =
950 km s−1  vSN. We present the light curve of the
toy model with the above parameters in Fig. 3.
As evident from equation (8) the luminosity that re-
sult from the jet-ejecta interaction increases with inter-
action time tj,0. The reason is that later interactions
occur at larger distance from the center of the SN ex-
plosion and in lower density ejecta regions. The large
distance implies that the shocked gas in the cocoon re-
quires more time to lose its thermal energy to adiabatic
expansion, and the lower ejecta density implies shorter
photon diffusion time. Both these effects cause more of
Figure 3. The light curve resulting from a late jet-ejecta
interaction in our toy model. The thin-red line is the bare SN
light curve from Fig. 1, while the thin-blue line (lower line)
is the contribution of the jet-ejecta interaction of the two
opposite jets combined. The thick-blue line is the combined
light curve during the activity phase of the jets. tL, tj,0, E2c,
and E2j,rad are the launching time of the two opposite jets,
the ’mini-explosion’ time of the jets, the energy that the two
jets deposit to the cocoons, and the extra energy radiated by
the two cocoons. For the other parameters of this case see
text. The graph horizontal axis spans from 0 to 347 d.
the thermal energy of the shocked gas in the cocoon to
end up in radiation rather than doing work in adiabatic
expansion.
To demonstrate the effect of earlier jet-ejecta interac-
tion we present in Fig. 4 a case with jet-ejecta interac-
tion time of tj,0 = 2.5×106 s = 29 day, keeping all other
parameters identical to those of the case we present in
Fig. 3.
The total (by the two cocoons) energy radiated in
these cases are E2j,rad(87 day) = 1.5 × 1048 erg, and
E2j,rad(29 day) = 5.1 × 1047 erg, respectively. From
these numbers and from Figs. 3 and 4 we clearly see
that under our assumptions the effect of jets with partic-
ular properties increases with later jet-ejecta interaction
time.
We can summarize the main result of this section as
follows. Under our assumptions, jets at late times can
have substantial effects on the light curve even when
their kinetic energy is a small fraction, about one percent
or even less, of the total kinetic energy of the ejecta.
The jets can form a large peak after maximum light.
At early times the shocked material, the cocoon, has
time to adiabatically cool before much of the energy is
radiated away as photon diffusion time is long.
5Figure 4. Like Fig. 3 but for tj,0 = 2.5 × 106 s = 29 d
instead of tj,0 = 7.5 × 106 s = 87 d. The graph horizontal
axis spans from 0 to 347 d.
4. APPLICATION TO iPTF14hls
4.1. The enigmatic SN iPTF14hls
One of the properties of the enigmatic transient
iPTF14hls (AT 2016bse; Gaia16aog), classified as type
II SN, is that there are several late peaks in its light
curve (Arcavi et al. 2017; Sollerman et al. 2019). Such
events might not be extremely rare as Arcavi et al.
(2018) suggest that SN 2018aad (ASASSN-18eo; Hos-
seinzadeh et al. 2018; Nicholls et al. 2018) is similar in
many aspects to iPTF14hls.
Several theoretical studies propose different scenarios
to account for the properties of iPTF14hls, and in par-
ticular for its prolonged light curve, but none can fit
all properties of iPTF14hls (e.g., Sollerman et al. 2019;
Woosley 2018). These scenarios include a pair instabil-
ity supernova (e.g., Woosley 2018; Vigna-Go´mez et al.
2019), a magnetar, i.e., a rapidly rotating magnetic NS
(e.g., Arcavi et al. 2017; Dessart 2018; Woosley 2018),
fallback accretion (e.g., Arcavi et al. 2017; Wang et al.
2018; Liu et al. 2019), an interaction of the ejecta with
a circumstellar matter (CSM; Andrews & Smith 2017;
Milisavljevic & Margutti 2018), and a common envelope
jets supernova scenario (CEJSN; e.g., Soker & Gilkis
2018).
Some scenarios for iPTF14hls attribute main roles to
jets, in the explosion itself (e.g., Chugai 2018), some
at late time by fallback accretion on to a NS or onto
a black hole (e.g., Liu et al. 2019), and some consider
jet-powering both in the explosion and at late times,
as in the CEJSN scenario (Soker & Gilkis 2018) and in
the scenario of late accretion of hydrogen-rich gas with
stochastic angular momentum that power jittering jets
(Quataert et al. 2019), i.e., the jittering jets explosion
mechanism. Even in the case of magnetar powering,
jets most likely play crucial roles in powering the ex-
plosion (Soker 2016a; Soker & Gilkis 2017). Gofman,
& Soker (2019) argue that all iPTF14hls scenarios with
jets require a source of angular momentum, and that
this source is a stellar companion strongly interacting
with the progenitor of iPTF14hls.
Both the accretion fallback (Wang et al. 2018) and the
magnetar model deposit the energy at the center of the
SN ejecta. We, on the other hand, deposit the energy
further out in the ejecta and in a bipolar morphology
rather than a spherical one. In all scenarios the photo-
spheric emission comes from photon diffusion. Our toy
model, therefore, includes two parameters that do not
exist in spherically symmetric energy deposition models.
These are the relative ejecta mass that is shocked by the
jets, V (equation 6), and the half opening angle of each
jet αj .
Wang et al. (2018) propose a scenario where intermit-
tent fallback accretion of≈ 0.2M explain the late peaks
in the light curve of iPTF14hls. Their scenario has an
explosion energy of 2.2× 1051 erg and an ejecta mass of
about 21M. They could not fit the third peak in the
light curve with a fallback model because its short dura-
tion. They rather attributed the third peak to magnetic
activity of the NS. We check below whether the two ex-
tra parameters in our toy model might account for the
fast third peak.
4.2. Fitting iPTF14hls peaks with late jets
We apply our toy model to the strongest peak in the
light curve of the enigmatic type II-P SN iPTF14hls, i.e.,
the third peak that Wang et al. (2018) had problems to
fit. Wang et al. (2018) suggest that this peak is due to
a magnetic activity of the newly born NS, in contrast to
the other peaks that they attribute to fallback accretion.
We present the light curve from Wang et al. (2018) in
Fig. 5.
We take the following parameters to our toy model.
We take the mass and energy of the ejecta, that we
need for the background light curve with scaling from
equations (1) and (2), from Wang et al. (2018) to be
MSN = 21M and ESN = 2.2 × 1051 erg, respectively.
We take the jet-ejecta interaction time of the third peak,
which is the starting time of that peak, to be tj,0 = 309 d
according to Fig. 5. Using our base of the third peak
(marked in Fig. 5) we calculated its energy, which is the
radiated energy of the mini-explosion of our toy model,
to E2j,rad ' 1 × 1049 erg. We also find from Wang et
al. (2018) that the time from start to the maximum of
6 
Base of 
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Figure 5. The bolometric light curve of SN iPTF14hls from
Wang et al. (2018). We mark the base of the third peak, i.e.,
the contribution from the adjacent peaks and the supernova
itself. The total radiated energy of the peak is ' 1049 erg.
The blue lines perpendicular to the horizontal axis mark the
beginning time of each fallback episode (i.e., peak) in the
modeling of Wang et al. (2018).
the peak, which in our toy model is tc, is 30 days, tc =
tp3 = 30 d.
Using the above values from the light curve, tj,0 =
309 d, E2j,rad ' 1 × 1049 erg, and tc = tp3 = 30 d, in
equations (7) and (8) with the (symmetric) shape of the
peak that we use in our toy model (Section 2.2), we can
solve for E and V . There are two other parameters in
the toy model, the distance of the jet-ejecta interaction
relative to the SN ejecta, β, and the half opening angle
of the jet αj . For these we use the values as in equations
(7) and (8), β = 0.5 and αj = 5
◦.
The solution gives E = 0.0058 and V = 0.012. From
these we find the kinetic energy of the two jets that
power the third peak in our toy model to be E2c =
2EESN = 2.5× 1049 erg, and the half opening angle of
the cocoon to be αc = 12.6
◦ (Fig. 2).
We present in Fig. 6 the plot of the SN itself (red
line), the peak (thin blue line) and the total light curve
(red + thick blue line).
There are other peaks in the light curve of iPTF14hls
(Fig. 5), but they are wider, namely active for a longer
time, and have more complicated shapes (less symmet-
ric) than the third peak. Our toy model that we build
on a mini-explosion does not fit well these wider peaks.
For example, they might require jets that active for a
long time and with varying intensity. We limit ourselves
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Figure 6. The light curve of the SN and the third peak
from our toy model where we try to fit the third peak energy
and time scale using SN energy and mass from Wang et al.
(2018). The other parameters are in the text (Section 4.2).
The red line represents the contribution of the SN itself, the
thin blue line represents the ’mini explosion’ of our toy model
(the peak), and the red + thick blue line represents the total
light curve with the peak. tL, tj,0, E2c, and E2j,rad are the
launching time of the two opposite jets, the ’mini-explosion’
time of the jets, the energy that the two jets deposit to the
cocoons, and the extra energy radiated by the two cocoons.
The graph horizontal axis spans the time period from 0 to
463 d.
to fit the narrowest and strongest peak, the third peak
that Wang et al. (2018) had problems to fit with fall
back accretion. We here managed to show that we can
explained the third peak by fallback accretion if we as-
sume that the accretion process launches jets, rather
than a spherically symmetric energy deposition. These
two jets can explain the brightest peak of iPTF14hls
with a kinetic energy of E2c = 2.5 × 1049 erg that is
only about 1% of the supernova energy.
5. SUMMARY
We built a toy model to explain peaks in the decline
phase of the light curves of CCSNe. In this toy model we
assume that the central object launches two short-lived
opposite jets that catch up with the CCSN ejecta. The
collision shocks the jets’ material and the ejecta to form
a hot bubble, the cocoon (Fig. 2). We refer to this inter-
action as ‘mini explosion’, and calculate its influence on
the light curve by further assuming a spherically sym-
metric cocoon. We use results from Kasen, & Woosley
(2009) to describe the time scale and energy output of
both the CCSN itself (equations 1, 2) and of the ‘mini
explosion’ (equations 7, 8). For the shape of the light
7curve of the CCSN we scale an observed CCSN (Fig. 1).
We assume that the peak (extra radiation) that the jets
form is symmetric in time.
At late times the jets form a much stronger peak than
at early times because then the interaction of the jets
with the SN ejecta occurs at a larger distance from the
center of the SN explosion, and at a lower density ejecta
region. As a result of that the shocked gas in the cocoon
takes more time to lose its thermal energy to adiabatic
expansion and the photon diffusion time is shorter due
to the lower ejecta density. Both of these act to channel
more of the thermal energy of the shocked gas to radi-
ation. We present the light curve resulting from a late
jet-ejecta interaction in our toy model in Fig. 3, and
an early one that has a much less influence on the light
curve in Fig. 4.
The enigmatic SN iPTF14hls has several late peaks
in its light curve that are yet to be fully explained. We
apply our toy model to the third peak of iPTF14hls (we
mark this peak on Fig. 5), which is the strongest and
narrowest peak in this light curve. We take the CCSN
ejecta mass and energy from Wang et al. (2018), and use
equations (7) and (8) to solve for the energy of the jets
and the mass of the ejecta that the jets shock. Namely,
we solve for the two parameters E = 0.0058 and V =
0.012 that are defined in equation (6). From these we
find the kinetic energy of the two jets that power the
third peak in our toy model to be E2c = 2EESN =
2.5 × 1049 erg, which is about only one percent of the
total kinetic energy of iPTF14hls ESN = 2 × 1051 erg
(from Wang et al. 2018). The jets shock a mass of M2c =
0.25M out of total ejecta mass of MSN = 21M (from
Wang et al. 2018). We note that the jets are launched
by fallback accretion, and so we actually can explain the
third peak with fallback accretion that launches jets.
Our general conclusion is that jets can explain peaks
that spherically deposition of energy in the SN ejecta
cannot explain. At late times the energy of the jets can
be only a small fraction of the total SN energy, as we
showed for the third peak of iPTF14hls where the jets
carry only about one percent of the CCSN energy.
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